A Description of Tolerance to Apical Meristem Damage in Wild Populations of Arabidopsis thaliana and its Genetic Basis by Dalrymple, Justin
University of Texas at Tyler
Scholar Works at UT Tyler
Biology Theses Biology
Fall 12-16-2014
A Description of Tolerance to Apical Meristem
Damage in Wild Populations of Arabidopsis
thaliana and its Genetic Basis
Justin Dalrymple
Follow this and additional works at: https://scholarworks.uttyler.edu/biology_grad
Part of the Biology Commons
This Thesis is brought to you for free and open access by the Biology at
Scholar Works at UT Tyler. It has been accepted for inclusion in Biology
Theses by an authorized administrator of Scholar Works at UT Tyler. For
more information, please contact tbianchi@uttyler.edu.
Recommended Citation
Dalrymple, Justin, "A Description of Tolerance to Apical Meristem Damage in Wild Populations of Arabidopsis thaliana and its
Genetic Basis" (2014). Biology Theses. Paper 18.
http://hdl.handle.net/10950/237
  
 
A DESCRIPTION OF TOLERANCE TO APICAL MERISTEM DAMAGE IN WILD 
POPULATIONS OF ARABIDOPSIS THALIANA AND ITS GENETIC BASIS 
 
 
 
by 
 
 
 
JUSTIN DALRYMPLE 
 
 
 
 
 
A thesis submitted in partial fulfillment of the requirements for the Master's degree  
 
Department of Biology 
 
Joshua Banta, Ph.D., Committee Chair 
 
College of Arts and Sciences 
 
 
 
 
 
 
 
The University of Texas at Tyler 
December 2014 
 
 
 
 
 

Table of Contents
List of Tables........................................................................................................................ii
List of Figures.....................................................................................................................iii
Abstract................................................................................................................................v
Chapter One
Introduction..............................................................................................................1
Methods....................................................................................................................4
Results......................................................................................................................6
Discussion................................................................................................................7
Chapter Two
Introduction............................................................................................................11
Methods..................................................................................................................13
Results....................................................................................................................15
Discussion..............................................................................................................15
References..........................................................................................................................18
Appendix: Tables and Figures............................................................................................24
i
List of Tables
Table 1 Latitude and longitude in decimal degrees of all study sites from which 
Arabidopsis thaliana plants were sampled.................................................24
Table 2 Frequency of apical meristem damage on Arabidopsis thaliana specimens 
by study site................................................................................................25
Table 3 Calculation of fruit adjustment coefficient (FAC) for each site from which 
Arabidopsis thaliana specimens were collected........................................26
Table 4 Table of observed tolerance values for study populations of Arabidopsis  
thaliana in which herbivory was observed.................................................26
Table 5 Tables showing ANOVA with backward elimination on the effects of 
AMD, site and mixed effects on log10AFN................................................27
Table 6 Primer sequences used for rtPCR...............................................................27
Table 7 ΔCq table for relative expression of target genes in AMD-treated and 
control groups.............................................................................................28
Table 8 p values from a t-test comparing the experimental and control ΔCq values 
for each gene studied……………………………………………………..28
ii
List of Figures
Figure 1 Map showing the four regions from which Arabidopss thaliana plants were 
sampled.......................................................................................................29
Figure 2 Map showing the locations of the six sites from which Arabidopsis 
thaliana specimens were collected in and around Region 1: Paris, 
France.........................................................................................................30
Figure 3 Map showing the locations of the three sites from which Arabidopsis 
thaliana specimens were collected in and around Region 2: Tübingen, 
Germany.....................................................................................................31
Figure 4 Map showing the locations of the three sites from which Arabidopsis 
thaliana specimens were collected in and around Region 3: Utretcht, the 
Netherlands.................................................................................................32
Figure 5 Map showing the locations of the three sites from which Arabidopsis 
thaliana specimens were collected in and around Region 4: Brussels, 
Belgium......................................................................................................33
Figure 6 Histogram of incidence of AMD among sample populations....................34
Figure 7 Histogram of untransformed AFN data from throughout the study area....35
Figure 8 Histogram of log10 transformed AFN.........................................................36
Figure 9 Boxplot of AFN as a function of herbivory among plants from populations 
in which herbivory occurred.......................................................................37
Figure 10 Boxplot of AFN as a function of herbivory among all plants in the 
dataset........................................................................................................38
iii
List of Figures (continued)
Figure 11 Sequences used in primer design for rtPCR of
a) CYP27A11..................................................................................39
b) JMJ14.........................................................................................40
c) AT1G62790.................................................................................41
d) SUR1..........................................................................................42
e) 18s rRNA....................................................................................43
iv
Abstract
A DESCRIPTION OF TOLERANCE TO APICAL MERISTEM DAMAGE IN WILD 
POPULATIONS OF ARABIDOPSIS THALIANA AND ITS GENETIC BASIS
Justin Dalrymple
Thesis Chair: Joshua Banta, Ph.D.
The University of Texas at Tyler
December 2014
Since plants cannot actively avoid herbivory, they rely on two primary strategies to 
maintain their fitness in the face of herbivore pressure: resistance—the deterrence of 
herbivory via physical and chemical means—and tolerance—recuperation of above-
ground mass after herbivory.  Although diverse groups have been shown to be tolerant to 
herbivory, mechanisms of tolerance are not yet well known. There is also very little 
known about the ecological relevance of tolerance strategies in wild populations.
In Arabidopsis thaliana, the apical meristem supresses growth of axillary 
meristems to a high degree under normal conditions, but a number of axillary meristems 
will grow after apical meristem damage (AMD). Intraspecific variation in tolerance 
ranges from decreased fitness after herbivory (undercompensation) to increased fitness 
after herbivory (overcompensation). In the model organism Arabidopsis thaliana,  
v
phenotypes from both ends of this spectrum have been observed in the laboratory, even 
among closely related strains.
Fifteen populations of Arabidopsis thaliana were sampled from throughout its 
natural range.  The percentage of plants with AMD was assessed in each population and 
phenotypic data was collected for all plants.  Adjusted fruit number was used as a proxy 
of fitness and was calculated as the sum of fruits and the product of flowers and the 
percentage of non-aborted fruits observed in each population.  Fitness was not 
significantly different in plants that experienced AMD and plants that did not.  This 
implies that natural populations of Arabidopsis thaliana are highly tolerant.  Additionally, 
I ran analyses of variance to determine the amount of variance in fitness caused by study 
site, AMD, and AMD x site.  Only site was a significant contributor to variance in fitness.
Additionally, I performed qPCR to determine the relationship in gene expression 
(if any) of four genes to Arabidopsis thaliana's response to AMD: AT1G6270.1, 
CYP72A11, JUMONJI14 and SUR1.  All genes were shown to be expressed at 
significantly lower levels in plants that had received AMD relative to expression of the 
housekeeping gene 18S rRNA, which did not change significantly in expression between 
damaged and undamaged treatments.  The implication of these findings will be discussed.
vi
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Chapter One 
Introduction 
 Herbivory plays a major role in the ecology and evolution of plants and their 
communities (1-4).  Because plants are unable to avoid herbivory, they employ two major 
strategies to cope with the potential fitness consequences of herbivory; namely, they can 
1) deter herbivores—a strategy referred to as resistance—or 2) they can be resilient to the 
actions of herbivores—a strategy referred to as tolerance (5).  Resistance strategies are 
characterized by the production of physical defenses including structures like thorns as 
well as chemical defenses like glucosinolates and caffeine that make a plant foul tasting 
or toxic to potential herbivores.  Tolerance strategies, on the other hand, are characterized 
by a plant's ability to regrow browsed tissue and recuperate some or all of the fitness (i.e., 
reproductive output) that it would have lost had it not regrown the browsed tissue.  Plants 
can display widely different levels of tolerance, ranging from undercompensation (plants 
that do not attain their pre-herbivory level of fitness after sustaining damage) to 
overcompensation (plants that actually have a higher fitness after being grazed; ref. 6).  
High levels of intraspecific variation in tolerance exist among populations of a variety of 
plant species, including Arabidopsis thaliana, a wild mustard in the family Brassicaceae 
native to Europe and central Asia.  Arabidopsis thaliana self-fertilizes at a high rate (7- 
10), and this trait has contributed to the development of a large number of distinct 
ecotypes, which are often treated as clones for the purpose of genetic experiments 
because of the high amount of homozygosity that results from selfing, as well as the high 
rates of selfing, especially under lab conditions.  Arabidopsis thaliana ecotypes vary 
widely in terms of tolerance and range from undercompensators to highly tolerant 
overcompensators (11-14).   
While mechanisms of resistance have been relatively well-studied (e.g., 15-18), 
tolerance to herbivory has received much less attention (3, 4, 16).  Although it has been 
indicated that tolerance is only an effective strategy under a narrow range of conditions 
(e.g., in areas of high, predictable herbivory, or among perennials; refs. 3, 4, 17, 18), 
evidence has been accumulating that tolerance is a widespread and ecologically relevant 
strategy with important evolutionary implications (19).
Herbivory takes many forms, caused by different herbivores and affecting 
different plant tissues (20).  Particularly interesting is consumption of the main flowering 
stalk and apical meristem (referred to as apical meristem damage or AMD; refs. 12, 21, 
22).  The apical meristem is particularly vulnerable because it is readily accessible (23) 
and more tender and nutritious than most other parts of the plant (24, 25).  Because the 
floral tissue that develops from the apical meristem produces seeds, AMD can impact 
fitness more profoundly than, for example, sparse browsing of basal leaves.  Therefore, 
tolerance to AMD can be under strong selection (26).  Because a plant's tolerance to 
AMD can affect its fitness, a plant's level of tolerance can be quantified as its effect on 
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the fitness of that plant: an individual's tolerance to AMD is its fitness when damaged 
minus its fitness when undamaged (4, 27).  Since an individual plant cannot be both 
damaged and undamaged, populations of clones or highly inbred strains are used in 
laboratory experiments to measure fitness.
In plants with a dominant inflorescence such as A. thaliana, the apical meristem 
inhibits the growth of lower axillary meristems through production of indole-3-acetic 
acid, a member of the auxin family of hormones (28).  AMD interrupts this inhibition, 
resulting in increased development of axillary meristems.  Because the siliques (fruits) of 
A. thaliana grow on meristems, the increased number of lateral branches that grow in the 
absence of apical dominance after AMD may result in an increase in silique production in 
apically damaged individuals, and, thusly, overcompensation.
Although tolerance shows promise as a relevant trait in the study of the ecology 
and evolution of plants in general and A. thaliana in particular, its relevance to wild 
populations is completely unknown.  We must answer several questions to begin to 
establish tolerance's role in the history and proliferation of wild Arabidopsis populations. 
Firstly, how tolerant are wild populations to apical meristem damage, and how much 
variation in tolerance exists among wild populations?  Secondly, if there is variation 
among populations, does it exhibit a spatial structure throughout the species' range? 
Lastly, are levels of tolerance proportional to levels of AMD experienced by wild plants? 
This would suggest that tolerance may be an adaptive trait in wild populations, a position 
for which there is currently little evidence (29).   
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Methods
I collected specimens of A. thaliana from fifteen sites across four regions: Paris, 
France; Tübingen, Germany; Utrecht, the Netherlands; and Brussels, Belgium (Figs. 1-5, 
Table 1).  I verified the identity of A. thaliana populations using an informal key of 
related co-occurring species.  I used leaf margin, flower morphology, silique morphology 
and stem architecture as the key distinguishing features.  These traits proved sufficient to 
easily distinguish A. thaliana from all congeners encountered.  In regions densely 
populated with A. thaliana (specifically Utrecht and Brussels), I considered sites distinct 
if they were separated by at least 100m of terrain devoid of Arabidopsis to increase the 
likelihood of detecting site-specific effects at this fine scale.  
I collected between 3 and 33 plants from each site, population size permitting. 
Plants were collected at random from each site.  I measured the total height and rosette 
diameter of each plant and counted the number of rosette leaves, flowers, siliques and 
aborted siliques.  I noted each instance of AMD and non-AMD herbivory.  
I calculated each plant's fitness as the sum of its number of siliques and the 
product of its number of flowers and the percentage of siliques in its population that were 
not aborted.  Fruit number is closely linked to overall seed production (11, 30) and is 
widely used in studies of Arabidopsis as a measure of fecundity and as a proxy for fitness. 
Although viable seed number is a better measure of actual fitness (22), logistic constraints 
surrounding collection timing and travel made fruit number a better choice for this study; 
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logistic limitations impeded my ability to more directly assess fecundity since the 
sampled sites contained plants at a variety of life history stages and I could not wait for 
all plants to reach senescence before collection.  I used a novel statistic based on the total 
of fruit and flower number to get a better estimate of each plant's future reproductive 
output: since some sites also contained plants with a large number of fruits that failed to 
complete development, I determined the percentage of all fruits that developed to 
completion at each site—here referred to as the fruit adjustment coefficient (FAC)—and 
multiplied the number of flowers on each plant by this percentage to avoid overestimating 
fecundity when counting flowers on plants in populations with large numbers of aborted 
fruits.  I operationally defined the sum of this number (the product of a plant's flower 
number and its site's FAC) and each plant's number of fruits as its adjusted fruit number 
(AFN) which I used as a measure of fecundity and, in turn, as a proxy of fitness.  This 
method is a good approximation of fruit number for field studies carried out before all 
plants have reached senescence because it takes into account site-specific variation in the 
likelihood of a given flower resulting in an aborted silique, thus correcting for a possible 
overestimation of fitness in some populations when there is a significant likelihood of 
siliques becoming aborted.  I excluded immature plants (i.e., those that had not yet 
flowered) from analysis of fitness as significant growth would result in a severe 
underestimation of total fecundity.
I calculated the tolerance of each site and region that had at least two apically 
damaged and at least two apically undamaged plants.  I operationally define tolerance 
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here as (WD-WU), the difference in AFN between damaged and undamaged plants in the 
site or region.  This methodology follows Weinig et al, Tiffin and Rausher, and Simms 
and Triplett (12, 16, 31) and, for the purpose of this study,  is preferable to defining 
tolerance as a ratio (WD/WU) because it is defined for all values of WU. 
Results
I collected a total of 265 plants from 15 sites across the 4 regions: 6 near Paris, 3 
near Tübingen, 3 in Utrecht and 3 in Brussels.  These populations experienced a wide 
range of herbivory ranging from completely unbrowsed to over 50% browsed (Fig. 6, 
Table 2).   
I calculated the FAC by dividing the number of healthy siliques by the sum of the 
numbers of healthy and aborted siliques in each population.  This number ranged from 
0.7 (29% of total siliques in the population aborted) to 1 (no aborted siliques in the 
population; Table 3).  I then multiplied each plant's number of flowers by its site's FAC 
and took the sum of this value and the plant's number of siliques to determine its AFN.  I 
calculated tolerance as the average number of adjusted fruits among apically damaged 
plants minus the average number of adjusted fruits among undamaged plants for each site 
with at least two apically damaged and undamaged plants (Table 4).  
I ran an analysis of variance to determine if there were differences in AFN as a 
function of herbivory at either the site or region levels.  Because the raw fitness data were 
Poisson distributed (Fig. 7), I transformed the data by taking the natural log10 of the AFN, 
resulting in a normal distribution (Fig. 8).  I then removed variables from the analysis via 
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backward elimination until only significant factors remained.  This analysis does not 
detect a significant effect of AMD on log10AFN, nor does AMD contribute to any mixed 
effects (Table 5).  Site, however, was a significant contributor to variation in log10AFN. 
There were no significant interaction effects uncovered in this analysis, and backward 
elimination did not uncover new significant contributors.  Additionally, I repeated the 
analysis using flower number (the sum of a plant's flowers, siliques and aborted siliques) 
as a proxy of fitness; the results of this analysis were identical to the results of the 
previous analysis (results not shown).  Lastly, I created a box plot of AFN as a function of 
herbivory.  These results did not detect any relationship between AMD and tolerance 
among sites or populations (Figs. 9, 10).
Discussion
There are two major takeaways from these results: 1) they indicate that wild 
populations of Arabidopsis thaliana are highly tolerant (that is, they suffer no significant 
change in fitness after AMD; they experience total compensation), and 2) the lack of a 
significant site (or region) and AMD interaction effect implies that tolerance does not 
vary significantly within the studied area.
This study for the first time quantifies tolerance AMD in A. thaliana in naturally 
occurring populations in situ. I found that the natural populations of A. thaliana that I 
studied are highly tolerant.  Because of tolerance's direct relationship to fitness, these data 
suggest that tolerance is in fact relevant to A. thaliana in the wild.  However, further 
research is needed to uncover the cause of the observed high levels of tolerance (but see 
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refs. 13, 14, 32, 33).  Several scenarios are possible based on my findings, chiefly 1) A. 
thaliana is tolerant because of strong selective pressure for tolerance, 2) the cost of 
tolerance is very low and tolerance is beneficial across a wide range of herbivore 
pressure, 3) tolerance is an evolutionary anachronism from times of higher herbivore 
pressure (a ghost of herbivory past), or 4) tolerance is a correlated by-product of selection 
on other traits and or/the development of other traits.
The lack of site-specific variation in tolerance could suggest that European 
populations of A. thaliana are more genetically diverse than some researchers believe (7-
10) and consequently the phenotypic variation in tolerance is mostly within populations 
(which was not measured) rather than across populations.  There is evidence for the 
genetic diversity of natural populations based on allozymes (9, 34) and life history 
characters (35, 36).  Several species of flies (Syrphidae), bees (Apidae) and skippers 
(Hesperiidae) have been reported to actively visit the flowers of A. thaliana (11), and 
humans have been implicated as important seed dispersers; pollinator mediated 
outcrossing and seed dispersers could theoretically decouple relatedness and geographic 
patterns of phenotypic similarity (37-41).  
Although this is only a one-year study, the lack of correlation between herbivore 
pressure and tolerance is interesting: if tolerance is an important trait to the success of A. 
thaliana in the wild, we would expect that populations would be under selective pressure 
to balance the costs and benefits of tolerance to different herbivory regimes.  This lack of 
correlation then suggests that either tolerance is not important to the ecology and local 
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adaptation of A. thaliana, or alternatively, that the tolerance regime we observed across 
the sampled range is broadly optimal to a wide range of herbivory levels, perhaps because 
of low costs of tolerance, or perhaps because tolerance is an evolutionary relic. 
Herbivory on any given population may also be unreliable over short time scales and 
better sampling efforts may be required to correctly evaluate its impact.  There has also 
been some debate in regards to whether tolerance has physiological costs (12, 16, 31, 42) 
or merely tracks general vigor (43, 44).  Weinig and Stinchcombe found no association 
between tolerance and fitness in the absence of herbivory, rejecting the idea that tolerance 
is a function of general vigor, but failed to demonstrate significant fitness costs of 
tolerance (12).  However, it has also been demonstrated that costs of tolerance may or 
may not manifest depending on the environmental background (11).  Finally, costs of 
tolerance have been shown to be dependent on levels of tolerance as well as resistance. 
Although a number of researchers have argued that levels of resistance and tolerance are 
anti-synergistic based on the assumption that these strategies involve a trade-off (17, 18, 
45), tolerance and resistance have been shown to co-occur at intermediate levels despite 
the presence of disruptive selection acting on tolerance (11).  The interactions between 
tolerance, resistance and their costs are complex and could possibly combine to achieve a 
stable level of tolerance across a wide variety of conditions, but further data on the levels 
of resistance, pressures and costs across the sampled range must be collected before 
accepting this conclusion.
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Another insight on the lack of variation in tolerance across our sample may come 
from A. thaliana's reproductive strategy.  Homozygosity is high in A. thaliana because of 
its high frequency of self-fertilization (7-10, 46).  If most populations are composed of 
related plants and homozygosity is high, their ability to respond to spatial and temporal 
variation in herbivory pressure may be limited.  Thus, slight deviations from an optimal 
tolerance regime would be expected because populations would not be able to respond to 
pressure as quickly as an obligate outcrosser might, resulting in optimization at a lower 
spatial and temporal resolution (e.g. across our sampled range).
10
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Chapter Two 
Introduction 
 There is evidence from different plant taxa that heritable genetic variation in 
tolerance exists in the wild, with levels of tolerance ranging dramatically from 
overcompensation to undercompensation within individuals of the same species.  (5, 14 
19, 27, 47-49).  However, little is known about the underlying genes and mechanisms that 
cause this variation.  Understanding the genetic basis of phenotypic variation is important 
to understanding how evolutionary forces operate on the trait (28, 48).  In spite of this, the 
genetic basis of tolerance—a genetically variable, heritable trait with significant fitness 
consequences—is just beginning to be uncovered (13, 14, 32, 33).  
 Gene expression data identifies 109-168 genes that are up- or down-regulated in 
A. thaliana in response to AMD, depending on the accession (14, 50).  This data is based 
on the commercially available ATH1 gene expression array representing over 24,000 
genes from throughout the A. thaliana genome (http://affymetrix.com).  The differentially 
expressed genes have diverse molecular functions, including auxin synthesis and 
signaling, metabolism, growth, reproduction, and response to stress, wounding and toxins 
(14, 50).  Many of these genes are unannotated or sparsely annotated, meaning other 
completely unanticipated genetic responses may exist. 
 Of the genes found to be differentially expressed in the microarray, four of them 
have been selected for closer examination in this experiment: CYP72A11, JMJ14, 
AT1G62790, and SUR1 (Fig. 16).  Three of these genes (CYP72A11, JMJ14 and 
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AT1G62790) have been demonstrated to harbor single nucleotide polymorphisms 
associated with natural variation in tolerance (50).  CYP72A11 is a putative member of 
the cytochrome p450 gene superfamily, which has diverse cellular functions including 
responses to wounding and other sources of mechanical stimulation (51, 52).  JMJ14, on 
the other hand, is an H3K4 demethylase that regulates flowering time (53, 54).  Since 
flowering time is another quantitative trait with a potentially significant impact on the 
fitness of plants (55), cross-talk between flowering time and AMD tolerance pathways 
could be of particular significance. The function of AT1G62790 is currently not well 
understood, although it contains a conserved region indicative of membrane-associated 
proteins and is thought to be involved in lipid transfer (56, 57).  SUR1 converts a shared 
intermediate of indole-acetic acid (IAA, an auxin) and indole-glucosinolate (a 
nitrogenous anti-herbivore secondary metabolite) into indole-glucosinolate rather than 
IAA (57, 58).  The up-regulation of SUR1 in response to AMD should therefore serve to 
both increase tolerance—releasing axillary meristems from apical dominance via 
decreased production of IAA—and resistance to AMD, making it an interesting candidate 
for involvement in AMD tolerance. 
 The experiment detailed in the following pages of this chapter attempts to resolve 
the role—if any—of the genes JMJ14, CYP72A11, AT1G62790 and SUR1 in the tolerance 
response to apical meristem damage in Arabidopsis thaliana by assessing differences in 
their expression between control and apically damaged plants. 
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Methods 
 I planted 288 Arabidopsis thaliana columbia seeds in numbered individual pots.  I 
randomly selected half of these plants to receive AMD during development and left the 
other half to grow without interference as a control.  I removed any plants beyond the first 
that sprouted in a pot and transplanted them into vacant pots.  Transplanted plants were 
split evenly between the apical damage and control groups to minimize any effect that 
transplantation might have on gene expression later in life.    
 At five days after bolting, I cut off the apical buds of the control plants and stored 
them at -80
O
C to await RNA extraction.  I cut the apical meristems of the plants in the 
apical damage group down to approximately 1cm five days after bolting.  I then cut the 
buds of each plant's longest secondary meristem five days after the bolting of axillary 
meristems and stored them at -80
O
C for RNA extraction.   
 In total, I collected tissue samples from 82 plants in the control group and 74 
plants in the apical damage group.  Due to the small amount of tissue collected from each 
plant, I randomly pooled the plants into groups of four, resulting in 18 pooled samples in 
the apical damage group and 20 pooled samples in the control group.  I ensured that 
groups did not contain more than one transplanted plant. 
 I extracted RNA from the tissue samples over liquid nitrogen using a Qiagen 
RNEasy kit  according to the manufacturer's protocol.  Samples were stored at -80
O
C 
when not in use.  After extractions I quantified the RNA concentration using 
spectrophotometry.  I synthesized cDNA libraries from transcriptomic RNA from each 
14 
 
pool using Qiagen's Quantitect Reverse Transcription kit according to the manufacturer's 
protocol.  Finally, I quantified the DNA concentration of each sample using 
spectrophotometry prior to quantitative PCR.   
 I designed primers for the four candidate genes and a reference gene, the 18S 
ribosomal subunit, using publicly available genomic data (Arabidopsis.org; Table 6).  The 
18S rRNA gene (Figure 11) has been demonstrated to be a valid reference gene exhibiting 
stable expression across a wide variety of conditions (59).  I used cDNA sequences 
reverse transcribed from mRNA when available to avoid designing primers for intron 
regions that would be absent in the cDNA library.  I used genomic sequences in all other 
cases.  I then optimized the primers with IDT's Oligo Analyzer (idtdna.com) to ensure 
maximum specificity and minimum formation of auto- and hetero-primer dimers.  I also 
ultimately selected for primers for each gene that would operate optimally within the 
same narrow temperature range and produce PCR products of similar sizes (~200bp) to 
minimize differences in fluorescence based on amplicon length. 
 QPCR was performed using Qiagen's Quantitect SYBR Green PCR kit.  I 
standardized my qPCR protocol by running a test plate of all the primers and excess 
sample cDNA on a heat gradient to confirm the optimal temperature setting for all 
primers and to ensure the production of a single PCR product using melt analysis.  I then 
ran my reactions using 50ng of template cDNA per target gene per sample and the 
manufacturer's recommended settings, with an optimized annealing temperature of 
69.5
O
C for 40 cycles.  I ran the reactions in triplicate to determine the average 
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quantification cycle for each gene for each sample.  I discarded data from all reactions 
that did not amplify efficiently (since most relevant methods of quantification analysis 
assume nearly equally efficient amplification) and those in which the reference gene did 
not amplify consistently.  I measured relative quantification of each target gene relative to 
the housekeeping gene 18S. 
 I assessed the specificity of the primers using a melt curve analysis at the end of 
each run.    I determined the relative expression of each gene in each sample by 
subtracting the average quantification cycle (Cq) of the reference gene from the average 
quantification cycle of the test gene to find the ΔCq.  I then compared the ΔCq of the test 
and control samples for each gene using a one-way t-test. 
Results 
 All melt curves yielded a single, sharp peak in the plot of the negative first 
derivative of fluorescence, indicating a single PCR product.  The one-way t-test results 
indicate a significant downregulation of JMJ14, CYP72A11, AT1G62790 and SUR1 in 
apically damaged plants (p < 0.01, p = 0.03, p = 0.02 and p = 0.01, respectively; Tables 7, 
8).  Expression of the reference gene 18S did not differ significantly between treatments 
(p = 0.39; Tables 7, 8). 
Discussion 
 The downregulation of JMJ14, CYP27A11, AT1G62790 and SUR1 in response to 
AMD suggests that they are involved in tolerance, although probably not in the ways we 
anticipated.  As a member of the cytochrome-oxidase family of genes, we might expect 
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CYP72A11 to be upregulated in response to damage.  The results indicate that 
AT1G62790's putative role in cell membrane building is probably not relevant to the 
response either despite the fact that the rapid growth of new meristematic tissue requires 
the formation of new membranes.  SUR1, too, seemed such a likely candidate for up-
regulation by shunting the production of apical dominance-promoting IAA into 
resistance-mediating indole-glucosinolates.  The differential expression of JMJ14 
between groups still suggestive of possible cross-talk between the flowering time and 
tolerance pathways, delaying flowering after the onset of herbivory to a point where the 
plant can maximize its fitness could help reduce the cost of tolerance as well as 
potentially increase the payoff. 
 Further work will need to be carried out to determine the exact role of these genes 
in mitigating the tolerance response.  Reverse genetic techniques such as targeted 
mutagenesis seem like a promising approach given that these genes might have as of yet 
undiscovered phenotypic implications more directly related to the tolerance pathway. 
 It is possible that the timing of my measurements may have impacted the results.  
Arabidopsis thaliana cells undergo endoreduplication—a process in which they undergo 
DNA replication without cell division—presumably as a method of regulating gene 
expression to facilitate regrowth post-herbivory and, in turn, attributes related to fitness 
(13).  However, levels of endoreduplication do not change significantly between damaged 
and undamaged plants until 4.5-6.5 weeks after the damage occurs (13) and thus cannot 
affect plastic differences in gene expression between treatments until this time.  Similarly, 
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G6PDH1—the gene that codes for glucose-6-phosphate-dehydrogenase-1, a component of 
the oxidative pentose phosphate pathway which has been implicated in tolerance in 
Arabidopsis—does not upregulate until approximately 2 weeks after damage (14).  Since I 
collected my tissue samples only 5 days after bolting (or secondary bolting, in the case of 
the damaged group) and in every case less than two weeks after AMD, it is possible that 
my data do not reflect the final change in gene expression levels, although it is still 
encouraging that JMJ14, CYP27A11, AT1G62790 and SUR1 are expressed at relatively 
different levels to the reference gene in each treatment. 
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Appendix: Tables and Figures 
 
Table 1: Latitude and longitude coordinates in decimal degrees of all study sites from 
which Arabidopsis thaliana plants were sampled.   
 
 
Region 1 includes sites in and around Paris, France; Region 2 includes sites in and around 
Tübingen, Germany; Region 3 is in Utrecht, the Netherlands; Region 4 is in Brussels, 
Belgium.  See Figures 3-6 for maps of the sites within each region. 
 
Region Site Lattitude Longitude
1 1
1 2
1 3
1 4
1 5
1 6
2 7
2 8
2 9
3 10
3 11
3 12
4 13
4 14
4 15
48.881oN 2.383oE
48.703oN 2.181oE
48.704oN 2.185oE
48.765oN 2.174oE
48.702oN 2.178oE
48.701oN 2.180oE
48.543oN 9.049oE
48.538oN 9.090oE
48.541oN 9.093oE
52.090oN 5.124oE
52.084oN 5.129oE
52.096oN 5.116oE
50.836oN 4.373oE
50.832oN 4.367oE
50.830oN 4.364oE
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Table 2:  Frequency of apical meristem damage on Arabidopsis thaliana specimens at 
each study site.  
 
“n” is the number of plants collected at each site and “AMD” is the percentage of plants 
at each site that had experienced apical meristem damage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Region Site n AMD
1 1 3 0.00%
1 2 11 0.00%
1 3 8 0.00%
1 4 16 6.25%
1 5 21 33.33%
1 6 15 20.00%
2 7 33 39.39%
2 8 20 0.00%
2 9 21 0.00%
3 10 31 54.84%
3 11 26 15.38%
3 12 27 29.62%
4 13 11 0.00%
4 14 12 16.67%
4 15 10 40.00%
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Table 3: Calculation of fruit adjustment coefficient (FAC) for each collection site. 
 
 
“Fruits” indicates the total number of fully developed siliques among collected plants at 
each study site and “Aborted fruits” indicates the total number of siliques that failed to 
develop correctly among collected plants at each study site.  FAC is calculated as the 
number of fruits divided by the sum of fruits and aborted fruits at each site. 
 
 
Table 4: Table of observed tolerance values for study populations of Arabidopsis thaliana 
in which herbivory was observed.   
 
Tolerance is defined here at the population level and as AFNgrazed – AFNintact. where AFN 
is the sum of a plant's fruits and the product of its number of flowers and its site's FAC 
(see Table 3). 
 
 
 
 
 
 
 
Site Fruits Aborted fruits FAC
1 90 9 0.91
2 266 8 0.97
3 514 119 0.81
4 2114 49 0.98
5 1236 95 0.93
6 717 292 0.71
7 845 1 1
8 3455 8 1
9 1228 51 0.96
10 1121 9 0.99
11 1557 6 1
12 615 9 0.99
13 1211 0 1
14 669 2 1
15 1130 0 1
Site Region Tolerance
5 1 77.59 68.46 9.13
6 1 65.44 59.59 5.85
7 2 51.96 48.13 3.83
10 3 56.45 44.83 11.62
11 3 86.85 88.49 -1.64
12 3 27.32 35.34 -8.02
15 4 175.25 182.8 -7.55
Average 77.27 75.38 1.89
AFN
grazed
AFN
intact
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Table 5: Tables showing ANOVA with backward elimination on the effects of AMD, site, 
and mixed effects on log10AFN.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The least significant effect was eliminated after each round and the analysis reran.  
Effects marked with a “*” are significant (p<0.05).  No different significant effects were 
uncovered when flower number was used in place of log10AFN (results not shown). 
 
 
Table 6: Primer sequences used for rtPCR. 
 
 
“Product size” indicates the length of the amplicon in basepairs for each primer pair, 
“Temp” indicates the minimum annealing temperature for each primer, and “%GC” 
indicates the percentage of guanine-cytosine basepairs in the primer.  
 
 
 
 
 
 
Gene Primer Product size Temp %GC
AT1G62790.1 Left ACGGTGATGGCTTTGCTTTT 200bp 58.96°C 45
Right TTGAACTGAGCGAGCAAACC 59.06°C 50
CYP72A11 Left CGATGCAGGAGAGTTCAAGC 212bp 58.99°C 55
Right AGACTGTGTAAGGTGCGTGA 58.96°C 50
JUMONJI14 Left GATGTAGGGTGTAGCGAGCT 181bp 58.97°C 55
Right TAACACGGCTCTTGAACCCT 58.95°C 50
SUR1 Left ATCCTGGAGAAAGCGGACAA 213bp 59.02°C 50
Left CTCTCTGGCCAGTTTTACGC 58.92°C 55
18S rRNA Right TTCAATCGGTAGGAGCGACG 221bp 60.18°C 60
Left CCCTTAGATGTTCTGGGCCG 59.9°C 55
AMD Site* AMD:Site
Sum of squares 0.014 25.634 0.062
Degrees of freedom 1 14 5
p value 0.7854 <2E-16 0.9968
AMD Site*
Sum of squares 0.014 25.634
Degrees of freedom 1 14
p value 0.7832 <2E-16
Site*
Sum of squares 25.498
Degrees of freedom 14
p value <2.2E-16
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Table 7: ΔCq table for relative expression of target genes AMD treated (left) and control 
(right) groups.   
 
 
 
Higher ΔCq values indicate lower expression relative to the reference gene 18S.    
 
 
Table 8: p values from a t-test comparing the experimental and control ΔCq values for 
each gene studied. 
  
Results from one-way t-tests showing (for all genes except 18S rRNA) significant 
differences between  ΔCq values in Arabidopsis thaliana plants that received AMD and 
control plants; results indicate significant downregulation of all test genes (see Table 7).  
For 18S rRNA, the p value is from a t-test performed on raw Cq values from AMD-
treated and control plants.  Significant results marked with a “*” (p<0.05). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
AMD Δ CqJUM Δ CqCYP Δ CqAT1G Δ CqSUR1 Control Δ CqJUM Δ CqCYP Δ CqAT1G Δ CqSUR1
1 15.9133 14.7867 15.8567 15.5667 3 16.1133 15.2533 17.0167 16.87
2 14.9167 13.67 15 13.96 4 16.1067 15.3533 17 16.2467
3 17.58 16.15667 17.38 17.59 5 15.73 14.93 16.18 15.9
4 19.2633 17.62 19.0767 18.85 6 15.7717 13.9183 16.335 15.4383
5 17.8983 16.31 18.03 17.6167 7 14.1867 15.63 15.7467 15.2867
6 17.3567 16.0967 17.24 17.15 8 14.4867 15.5333 15.71 15.65
7 17.6667 16.3333 17.85 17.4867 15 11.145 9.5967 9.8467 10.0867
8 16.645 15.8317 17.0417 16.675 16 11.4333 9.7833 10.14 10.12
9 16.375 15.525 16.735 16.43 17 11.3033 9.6867 9.9367 9.98
10 16.76 15.59 17.2033 17.1933 18 11.3633 9.7767 9.9567 9.9567
11 19.1967 17.7567 19.2167 19.64 19 9.5 11.865 10.035 9.8583
12 19.25 17.87 19.21 19.28 20 9.7183 12.055 10.035 10.195
13 11.4233 9.58 9.65 9.91 Average 13.0715 12.7818 13.1615 12.9657
14 12.0733 10.15 10.2733 10.6167
15 11.97 9.9067 10.4033 10.55
Average 16.2859 14.8789 16.01111 15.901
Gene JUMONJI14* CYP72A11* AT1G62790.1* SUR1* 18S rRNA
p value 0.0019 0.0284 0.0174 0.0119 0.39
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Figure 1: Map showing the four regions from which Arabidopsis thaliana plants were 
sampled.  Region 1 is around Paris, France; Region 2 is around Tübingen, Germany; 
Region 3 is around Utrecht, the Netherlands; Region 4 is around Brussels, Belgium. 
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Figure 2: Map showing the locations of the six sites from which Arabidopsis thaliana 
specimens were collected in and around Region 1: Paris, France. 
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Figure 3:  Map showing the locations of the three sites from which Arabidopsis thaliana 
specimens were collected in and around Region 2: Tübingen, Germany. 
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Figure 4: Map showing the locations of the three sites from which Arabidopsis thaliana 
specimens were collected in Region 3: Utrecht, the Netherlands. 
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Figure 5: Map showing the locations of the three sites from which Arabidopsis thaliana 
specimens were collected in and around Region 4: Brussels, Belgium. 
 
 
 
 
 
 
 
 
 
 
 
34 
 
 
Figure 6: Histogram showing distribution of herbivory among sample sites, measured as 
a percentage of plants at each site that experienced herbivory (n=15).  
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Figure 7: Histogram of untransformed AFN data from throughout the study area. Note 
that these data are Poisson-distributed and are not suitable for ANOVA without 
transformation.  AFN is the sum of a plant's fruits and the product of its number of 
flowers and its site's FAC (see Table 3). 
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Figure 8: Histogram of log10 transformed AFN.  These data are normally distributed and 
were used in my final analysis.  AFN is the sum of a plant's fruits and the product of its 
number of flowers and its site's FAC (see Table 3). 
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Figure 9: Boxplot of AFN as as function of herbivory among plants from populations in 
which herbivory occurred, showing no difference in average AFN between these two 
groups.  AFN is the sum of a plant's fruits and the product of its number of flowers and its 
site's FAC (see Table 3). 
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Figure 10: Boxplot of AFN as a function of herbivory among all plants in the dataset, 
showing no difference in average AFN between these two groups.  AFN is the sum of a 
plant's fruits and the product of its number of flowers and its site's FAC (see Table 3). 
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Figure 11: Sequences used in primer design for rtPCR of a) CYP27A11, b) JMJ14,  c) 
AT1G62790, d) SUR1 and e) 18s rRNA.  All sequences are cDNA sequences to prevent 
intron splicing from interfering with primer specificity to cDNA synthesized from 
extracted mRNA, except in the case of 18SrRNA for which no such sequence was 
available. 
 
Figure 11 a)  CYP27A11 cDNA sequence 
 
ATCTTCTCCGATATTCTAAACCCTGAGAATGGTCACAAATTCTCTAACTCTCTCT
CTCTCTCTCTAGTAGAAAACATGGAGATATCAGTTGCATCGGTAACAGTTTCTG
TAGCTGTAGTTGTTGTGTCGTGGTGGGTATGGAGAACTTTACAGTGGGTTTGG
TTTAAACCAAAGATGCTTGAGAGTTACCTGAGAAGACAAGGTCTTGCTGGAA
CTCCTTACACGCCTCTTGTCGGTGATTTGAAGAAGAATTTTAGCATGCGGGCTG
AGGCAAGATCCAAACCCATCAACCTAACGGATGATATCACACCACGTATCGTA
CCTTATCCGTTGCAAATGCTCAAGACTCATGGGAGGACTTTCTTTACATGGTTT
GGAGCCATACCAACAATCACCATAATGGATCCTGAGCAAATCACAGAAGTGCT
CAACAAAGTTTATGATTTCCAGAAGGCACATACGTTTCCTCTGGGCAGATTAAT
AGCCACTGGAGTCCTTAGTTATGATGGTGATAAATGGGCGAAACACCGAAGAA
TCATCAACCCGGCTTTCCACCTTGAGAAGATCAAGAATATGGTACCTGCGTTCC
ACCAGAGCTGCAGCGAGATTGTTTGCAAATGGGACAAGTTAGTGTCGGATAA
AGAGTCATCATGTGAGGTAGATGTTTGGCCTGGGCTTGTGAGTATGACTGCAG
ATGTGATCTCCCGTACTGCTTTTGGCAGCAGCTGCGTAGAAGGGCAGAGGATA
TTTGAGCTCCAAGCAGAACTAGCACAGCTCATCATTCAAACGGTTAGGAAAGC
TTTCATCCCTGGATATAGTTATCTCCCAACAAAAGGTAACAGAAGGATGAAAG
CAAAAGCAAGAGAAATCCAAGTTATACTGAGAGGGATCGTTAACAAAAGGTT
AAGGGCCAGAGAAGCTGGTGAAGCACCAAACGACGATTTACTGGGAATACTT
CTTGAATCGAATTTGGGGCAAACGAAAGGAAACGGAATGAGTACCGAGGATC
TGATGGAGGAGTGCAAGTTGTTCTATTTCGTCGGGCAAGAGACAACATCAGTA
CTTCTGGTTTGGACAATGGTTCTGTTAAGTCAACACCAAGATTGGCAGGCTCG
TGCACGAGAAGAAGTGAAGCAAGTGTTTGGCGATAAAGAACCTGATGCAGAA
GGACTCAACCAGCTCAAAGTTATGACGATGATATTATATGAGGTCCTTAGGCTA
TATCCTCCAATACCTCAGCTGAGCAGAGCCATTCACAAAGAGATGGAGCTTGG
AGATCTGACACTACCAGGCGGCGTTCTGATCAATCTACCTATCCTTCTAGTCCA
ACGCGACACGGAGCTGTGGGGAAACGATGCAGGAGAGTTCAAGCCAGATAGA
TTCAAAGACGGTCTCTCAAAGGCAACAAAGAACCAAGCCTCCTTCTTTCCTTT
TGCGTGGGGATCGAGGATCTGCATTGGCCAGAATTTTGCATTGCTTGAGGCAA
AGATGGCAATGGCATTGATACTCCAGAGATTCTCCTTTGAGCTTTCTCCTTCCT
ATGTTCACGCACCTTACACAGTCTTCACCATTCACCCACAGTTCGGTGCTCCTC
TTATCATGCACAAGCTCTAATCGTTCGTAGCAACCCATTTTGTTGTTATCAAATA
TACTTTCCATTCACAGATGAAACAATTCCATATCAGTCTACCTATAATGCTAGTC
CAACGCGACACCATGATGTGGGAATTCAAGCCTGAGAGATTCAAAGACGGTC
TTTCAAAGGCAACAAAGAGCCACGTCTCCTTCTTTCCATTTGCATGGGGACCG
AAGATATGCATCGGCCAGAATTTTGCCATGTTGGAGGCAAAGATGGCAATGGC
GTTGATTCTACAGAGATTCTCCTTCGAGCTTTCTCCTTCCTATGTTCATGCGCCT
CAAATAGTCGTCACCATTCACCCACAGTTCGGTGCACATCTTATCCTGCGCAAG
CTGTAATTCTAGAATCCCATGTGCTCTTGTCAGATAAACAGAGGAAAATAAACC 
40 
 
Figure 11 a)  CYP27A11 cDNA sequence (continued) 
AGATCATAGTATAAAACTCAAATCTTTTTATTAATTGAATTCAGAACTTTGTGCT
CACATATGTCTTGACAAACCAAAATATTTCCAAGAAAAAGAGTGAAACGCATG
GACCAATATA 
Figure 11 b) JMJ14 cDNA sequence 
 
AACTCATCAAAGAAGGAAAGAAAAAAAAAAACCTCTTTCACAGATATTTAAC
CAAAAGGTTTTAGATTTATACTATACGTTACAAATAAAATTCGAGAGTCAAATT
CAATCTTGGGAAAAGCTTTTGTTCCGAATCTTGGCCCCTTCACGAAGGTCACG
GGTTAAAAGTATCGATCTTTGTGAACTTAATCTCACTGTAAATGGATCAGCTTG
CATCTCTAGCAGAGTCTGTGGCTATGGAGGAAGATTCTGAGAAACAATCGATT
AAAGGAGAGAGTAGTCTTGAACCTGACTCTACTCCTTCTAGTCCTAAAATAAC
TGCTAGGTGGAATCCATCAGAAGCTTGCAGGCCTTTGGTTGATGACGCTCCCA
TCTTTTATCCCACTAATGAGGATTTTGATGATCCACTTGGTTACATAGAGAAGTT
GCGCTCTAAAGCAGAATCATATGGCATATGTCGAATTGTGCCGCCTGTTGCATG
GAGGCCCCCTTGCCCTCTGAAGGAGAAAAAAATATGGGAGAATTCTAAATTTC
CCACCCGGATTCAGTTCATTGACTTGCTTCAAAACCGAGAACCGATTAAAAAA
TCTACTAAAACCAAGAAGAGAAAACGGAGAAGAATCTCTAAAATTGGATACA
CAAGAAGAAAAAGAGATTCAGGCTGTGATACGGCTTCCTCTGGCTCTAGTGAT
AGTGAAGGAAAATTTGGTTTTCAGACTGGGCCAGATTTTACCCTGGAAGAATT
TCAGAAGTATGATGAATACTTTAAGGAATGCTATTTTCAGTCAGAGGATCATCC
TGGTTCCAAAGCGTCTGAAAATAAGAAATTTAAACCTAAGGTTAAGGACCTTG
AAGGTGAATATTGGCGGATAGTGGAGCAGGCAACTGATGAAGTAGAGGTGTA
CTATGGAGCTGACTTGGAAACAAAGAAATTTGGAAGTGGTTTCCCAAAGTATA
AACCGGGGTATCCTATAAGTGAAGCAGATCAATACTCTCAATGTGGTTGGAAC
CTAAATAATTTGTCCCGTCTGCCCGGATCAGTTCTAGCTTTTGAGAGCTGCGAT
ATCTCAGGAGTCATTGTGCCATGGCTTTATGTTGGAATGTGCTTTTCAACTTTTT
GTTGGCATGTTGAAGATCATCACCTTTATTCCATGAACTACTTACACACAGGTG
ATCCAAAAGTTTGGTATGGGATCCCTGGAAACCATGCTGAGTCTTTTGAAAAT
GTAATGAAAAAGCGTCTTCCAGATTTGTTTGAAGAACAGCCTGACTTGCTACA
TCAACTGGTCACTCAGTTATCTCCAAGAATCTTAAAAGAGGAGGGAGTACCTG
TCTATCGAGCTGTCCAGCGCAGTGGAGAATTCATTCTAACCTTCCCTAAGGCCT
ATCATTCTGGGTTTAATTGTGGTTTCAACTGTGCGGAAGCAGTAAATGTTGCAC
CAGTTGATTGGCTGGTTCATGGACAGAATGCAGTGGAAGGCTATAGCAAGCAG
CGGCGAAAGAGTTCATTGTCACATGACAAGCTGCTTCTTGGAGCTGCTATGGA
AGCTACTTATTGCCTCTGGGAGCTTTCACTTTCAAAGAAGAAGACTCCTGTGA
TTGCGAGATGGAAAAGGGTTTGTAGTGAGGATGGATTGCTTACGAAGGCAGTC
AAGAAGCGTGTGCAGATGGAAGAAGAAAGACTAAATCACCTTCAAGATGGTT
TTAGCTTGCGAAAGATGGAGGGTGATTTCGACAATAAGAGAGAACGGGAGTG
CTTCTTGTGCTTCTATGATTTGCATATGTCTGCTTCAAGCTGCAAGTGTTCCCCC
AACCGGTTTGCATGTCTTATCCACGCTAAGGATCTGTGTTCATGTGAAAGTAAG
GATAGATATATCCTAATTCGCCACACCTTGGATGAGTTATGGGCACTGGTCAGA
GCTCTAGAAGGGGATCTTGATGCCATAGACCTATGGGCAAGTAAATGTCGTGA
CCAGTATCCTTCACAGCATCCAAGAGCAAGAGAATATGCTTACCTCAAGTCTG 
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Figure 11 b) JMJ14 cDNA sequence (continued) 
CCCCATGTATAAAGAGCCGTGGTTCATCAAAAGTACAGCAGCGAGAACAAAA
CAATCTTCAGTTAGTGTCTGAACGCTTACAAAGTGATCTAACCTCAAACAAGG
AAGTTCAGTTGAAACAAGATGGTGATTCAGATGTAAATCGCCATGGTCATGAA
AGCGAAAGAAATCATGTACATGGGATCACTGATAAGTCAGCTGTCACGGATGT
AAAACTTGGTGTGGGAGGTAAGTTTGATGAGAAGAAGATTTCGGTTGAATCTC
AAAACCCACATTCAGTTTCAGATGTAGGGTGTAGCGAGCTGGCGAAGAAAGT
GGATGGTTGTTTAGGAGGGAAGGACCAAAATGCTGCAACCAATAGGTTAAGTC
TCTCTGTTGAGCTTTTGAGTTCTGGATCTCTCGTTGTTAAAAAGCTGTGGTGCA
GTAAACAGGCCATATACCCAAAAGGGTTCAAGAGCCGTGTTAAGTTCTTAAGT
GTGCTTGACCCAACAAACCTAACCAACTACATCTCAGAGGTTCTGGATGCAGG
GCTTCTTGGTCCATTGTTCAGGGTCTCAGTAGAAGATTACCCCACTGAGAATTT
CTCGAATGTATCTGCTGAAAAGTGCTGGCAAATGGTGACACAAAGGCTCAAA
CTCGAAATCATCAAGAAATGTGATCAACCAGTTAGCTCTTTGACCTCTTTACAA
CCTTTGGAGAGTATAAATGGGCTTGAAATGTTTGGATTTCTCTCCCCGCACGTA
ATTAAGGTGGTTGAGGCTCTTGATCCAAAGCATCAATTGGAGGAGTATTGGAA
CCAAAAAGCAGTGAAACTGTTTGGTGCTGAACCAATAAAGGAAGGAGAAAA
GGATGATACAGAGAAAGGAGGGGCTTCAGATCCCTCTTTGGACCGGGACACA
AGGCTTCTGCGTGGACTGTTGAAGAAGGCGACACCTGAAGAATTAGTAATGAT
GCATGGACTTCTGTGTGGTGAGACTCGCAACACCGAGCTCAAGGAAGAGCTC
TCTACTTTGGTTGATAAGATGGAGATAAGTCCTTAAGGAGGAGCAAGCAGATA
AACACACTAACACCCTTTGAAGTTGATTGTGTTTGTTGTTCCTTTGGTTATAAA
CTGTATCAGTAGAGAAATCTAGAGAGGCAATACAAAAGTAGACAAAAGGGTT
ACTTCGTTGACATGTCTTTCCTTTTTACCAAAAAAGGGTTTAGGATTAATGATT
GTATTATACTGTGTTGCATTTGCAATGTACCATTGTTCTCTATATTTCATTTGCTT
ATTTGTAACAGCTTTTATGAT 
Figure 11 c) AT1G62790 cDNA sequence 
AAAAATCACAAGTAACCCCAAAAGAAAAAAAGCAAAGAGAGAGGAAAAGA
AAAAAAATGACGAAGACGATGATGATCTTTGCGGCGGCGATGACGGTGATGG
CTTTGCTTTTGGTTCCGACTATTGAAGCACAAACTGAGTGCGTGAGCAAGCTA
GTCCCTTGCTTCAACGACCTGAACACGACAACAACGCCGGTGAAAGAATGTT
GCGACTCGATTAAAGAAGCGGTGGAGAAGGAACTTACATGTCTCTGTACAATC
TACACCAGTCCAGGTTTGCTCGCTCAGTTCAACGTCACCACTGAGAAAGCTCT
CGGTCTTAGCCGTCGTTGCAACGTCACCACTGATCTCTCCGCTTGTACCGCTAA
AGGAGCTCCATCGCCAAAAGCTTCTTTACCTCCTCCAGCTCCAGCAGGGAATA
CCAAAAAAGACGCCGGAGCTGGGAACAAGCTCGCCGGTTATGGAGTCACCAC
CGTGATCTTGTCTTTGATCTCATCCATCTTCTTCTGAATTCCTTTACCCGGTTTTA
TTATTATTAGCTCAATAAATTCTCGAGATTTGTTTGCTTTTGGCTTAACTTATTTA
ATATTTAAAGAAAAACAAAAAGTATTTTTTGTTCACATGTTATGTATTATCATTG
ATTCATTATTGAGTCCCATGTTAGTATATTTACCGGTTATAATCGGACTCTATCAT
TTGCATATCTGATTTGAGTGTGGATCTGTGTTGTTAATTGATGTAATCTTTATTAT
ATAAATTGAAAATGAAAACA 
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Figure 11 d) SUR1 cDNA sequence 
TTCATTTGTAAAGTTTTTTTTTTTCCCAAATAGTACTTTTTTTTTGTTTGGCCTTC
TTATAGAAAGAAGAACTCAAAGCACAGAGAGAAGATGAGCGAAGAACAACC
ACACGCCAATCTAGCGGTTCCCGCGTTTAAAACTGAGAAAGAGCCCATAACGC
AAACACGAAATGGTCAAAGTAGCGTTTGGCGTTTCGGTGGAAGTGATAAGGC
AGCGAAAGCATCCACCGTAACGCTTAGAGGTGTCATCTACATGCTCTTCGACA
ACTGCGGCAAAGACGTCAATAAGACCATTTTACCCCTCGGCCACGGTGACCCT
TCCGTCTACCCTTGCTTCCGTACCTGTATCGAAGCTGAAGACGCCGTCGTCGA
CGTCCTTCGCTCCGGCAAAGGCAATTCTTACGGTCCCGGAGCTGGGATTCTCC
CCGCAAGACGAGCCGTTGCTGATTATATGAACCGAGATCTTCCGCACAAGTTA
ACGCCTGAAGATATTTTTCTGACCGCTGGATGCAACCAAGGGATAGAGATCGT
GTTCGAATCGTTGGCTCGACCAAACGCAAACATCTTGCTCCCACGTCCTGGCT
TCCCTCACTACGACGCTCGTGCTGCTTACAGTGGTCTCGAGGTTCGCAAGTTT
GATCTTCTTCCCGAGAAAGAATGGGAGATTGATCTTGAAGGTATCGAAGCCAT
TGCAGACGAGAACACTGTGGCTATGGTTGTAATTAACCCCAACAATCCCTGTG
GAAATGTCTACTCTCACGACCATCTCAAAAAGGTTGCAGAGACGGCTAGGAA
GCTCGGGATAATGGTGATCTCAGACGAAGTATATGACCGAACTATATTCGGAGA
CAATCCATTTGTTTCAATGGGGAAGTTTGCTTCGATAGTCCCTGTATTGACACT
AGCAGGCATATCTAAGGGATGGGTTGTTCCTGGATGGAAAATTGGCTGGATCG
CCTTGAATGATCCCGAGGGCGTTTTCGAGACCACCAAGGTGTTACAATCCATC
AAACAGAATCTTGACGTAACTCCTGACCCTGCCACAATAATTCAGGCTGCACT
TCCAGCGATCCTGGAGAAAGCGGACAAAAACTTCTTTGCAAAGAAGAACAAG
ATACTCAAACATAATGTTGATTTGGTGTGTGATAGGCTCAAGGACATCCCCTGT
GTCGTCTGTCCCAAGAAACCTGAGTCTTGCACTTACTTATTGACAAAGTTGGA
GCTGTCATTGATGGATAATATCAAGGACGATATAGATTTTTGCGTAAAACTGGC
CAGAGAGGAGAATCTCGTGTTTCTACCAGGGGATGCTCTGGGTTTGAAGAACT
GGATGAGGATAACCATCGGAGTCGAAGCTCATATGCTTGAGGATGCACTTGAG
AGACTGAAGGGTTTCTGTACACGTCATGCCAAGAAGACAGAGACAGAAACTG
AGTCACTTCAAGCTTTGAAACTGAGTGATAATAATCTCGAAATGTAAAACAGA
AGAGGATGTGTGTGCCCAAAAGAATATTCTTATGATAGATAATTTTGATTCTTGC
TTTTCCATTTGATTTCCCAAAGTATTTGATTATCTACATTAATAAAAACTATGGTT
ATTTGTCAAATAGCAATATTGGGAACATAAATGAAGGATCTAGCATCCATGAAA
GAGAATTTCTTTGTTTTTG 
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Figure 11 e) 18SrRNA genomic sequence 
AAAAGATGACGGTCAAGACCTCGTCCTTTCTCTCTTTCCATTGCGTTTGAGAG
GATGTGGCGGGGAATTGCCGTGATCGATGAATGCTACCTGGTTGATCCTGCCA
GTAGTCATATGCTTGTCTCAAAGATTAAGCCATGCATGTGTAAGTATGAACGAA
TTCAGACTGTGAAACTGCGAATGGCTCATTAAATCAGTTATAGTTTGTTTGATG
GTAACTACTACTCGGATAACCGTAGTAATTCTAGAGCTAATACGTGCAACAAAC
CCCGACTTATGGAAGGGACGCATTTATTAGATAAAAGGTCGACGCGGGCTCTG
GCTTGCTCTGATGATTCATGATAACTCGACGGATCGCATGGCCTCTGTGCTGGC
GACGCATCATTCAAATTTCTGCCCTATCAACTTTCGATGGTAGGATAGTGGCCT
ACCATGGTGGTAACGGGTGACGGAGAATTAGGGTTCGATTCCGGAGAGGGAG
CCTGAGAAACGGCTACCACATCCAAGGAAGGCAGCAGGCGCGCAAATTACCC
AATCCTGACACGGGGAGGTAGTGACAATAAATAACAATACCGGGCTCTTTCGA
GTCTGGTAATTGGAATGAGTACAATCTAAATCCCTTAACGAGGATCCATTGGAG
GGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTTA
AGTTGTTGCAGTTAAAAAGCTCGTAGTTGAACCTTGGGATGGGTCGGCCGGTC
CGCCTTTGGTGTGCATTGGTCGGCTTGTCCCTTCGGTCGGCGATACGCTCCTGG
TCTTAATTGGCCGGGTCGTGCCTCCGGCGCTGTTACTTTGAAGAAATTAGAGT
GCTCAAAGCAAGCCTACGCTCTGGATACATTAGCATGGGATAACATCATAGGAT
TTCGATCCTATTGTGTTGGCTTCGGGATCGGAGTAATGATTAACAGGGACAGTC
GGGGGCATTCGTATTTCATAGTCAGAGGTGAAATTCTTGGATTTATGAAAGACG
AACAACTGCGAAAGCATTTGCCAAGGATGTTTTCATTAATCAAGAACGAAAGT
TGGGGGCTCGAAGACGATCAGATACCGTCCTAGTCTCAACCATAAACGATGCC
GACCAGGGATCAGCGGATGTTGCTTATAGGACTCCGCTGGCACCTTATGAGAA
ATCAAAGTTTTTGGGTTCCGGGGGGAGTATGGTCGCAAGGCTGAAACTTAAAG
GAATTGACGGAAGGGCACCACCAGGAGTGGAGCCTGCGGCTTAATTTGACTC
AACACGGGGAAACTTACCAGGTCCAGACATAGTAAGGATTGACAGACTGAGA
GCTCTTTCTTGATTCTATGGGTGGTGGTGCATGGCCGTTCTTAGTTGGTGGAGC
GATTTGTCTGGTTAATTCCGTTAACGAACGAGACCTCAGCCTGCTAACTAGCTA
CGTGGAGGCATCCCTTCACGGCCGGCTTCTTAGAGGGACTATGGCCGTTTAGG
CCAAGGAAGTTTGAGGCAATAACAGGTCTGTGATGCCCTTAGATGTTCTGGGC
CGCACGCGCGCTACACTGATGTATTCAACGAGTTCACACCTTGCCGACAGGCC
CGGGTAATCTTTGAAATTTCATCGTGATGGGGATAGATCATTGCAATTGTTGGT
CTTCAACGAGGAATTCCTAGTAAGCGCGAGTCATCAGCTCGCGTTGACTACGT
CCCTGCCCTTTGTACACACCGCCCGTCGCTCCTACCGATTGAATGATCCGGTGA
AGTGTTCGGATCGCGGCGACGTGGGTGGTTCGCCGCCCGCGACGTCGCGAGA
AGTCCACTAAACCTTATCATTTAGAGGAAGGAGAAGTCGTAACAAGGTTTCCG
TAGGTGAACCTGCGGAAGGATCATTGTCGATACCTGT 
 
 
 
 
 
 
 
 
